Introduction {#S1}
============

The rates of acute and chronic kidney diseases (CKDs) are growing worldwide and in the United States which in turn has increased the incidence of end stage renal disease (ESRD) requiring painful dialysis. This is projected to escalate further due to increased longevity, and the growing epidemic of diabetes and obesity which can lead to diabetic nephropathy (DN), a widespread CKD that can progress to ESRD. Chemical pollutants, aging, over and under nutrition, sedentary lifestyles, and other environmental stressors are implicated in many diseases, including CKD, a common complex gene-environmental disease^[@R1]-[@R4]^. Thus environmental factors can affect phenotypes via "epigenetic" transmission mechanisms to alter disease susceptibility, suggesting that, apart from genetic traits, epigenetic variations might yield valuable information about the initiation and progression of various kidney diseases^[@R5]-[@R7]^. Several genetic studies including Genome-wide Association studies (GWAS) have identified susceptibility loci and candidate genes for renal impairment and CKDs, including DN, albeit with relatively small effects that explain only a small proportion of heritability^[@R8]^. These observations, along with studies on disease-discordant monozygotic twins, provide a strong rationale to examine how epigenetic modifications may orchestrate the pathology of various kidney diseases.

Epigenetics refers to the study of heritable changes in gene expression and phenotype that are not mediated by alterations in the underlying DNA sequence of the genome. Although heritable traits refer to transmission from parent to offspring, in the context of the cell, it can refer to memories and patterns of gene expression and cellular states being passed on dynamically during replication to daughter cells^[@R9],\ [@R10]^. Epigenetic modifications include cytosine methylation of DNA (DNA methylation, DNAme), Histone post translational modifications (PTMs), and non-coding RNAs^[@R11]-[@R14]^. Together, they form an epigenetic layer over the genetic layer that can respond to environmental cues and external stimuli to alter the expression of genes associated with normal or disease phenotypes. Epigenetics plays critical roles in cell identity, development, genomic imprinting, X-inactivation and differential disease susceptibility between monozygotic twins^[@R10],\ [@R11],\ [@R13]^.

Recently, there has been remarkable progress in epigenetics research due in part to technological breakthroughs in next generation sequencing (NGS) and Epigenomics (genomewide study of epigenetics)^[@R15]-[@R17]^. The importance of epigenetic alterations in fibrosis, inflammation and immunity associated with various renal disorders, as well as in kidney development is increasingly being appreciated^[@R5],\ [@R18]-[@R20]^. This review summarizes the current knowledge on the role of epigenetics (primarily DNAme and histone PTMs) in acute and CKDs, and its translational potential to identify much needed new therapies.

Epigenetic Modifications and the Epigenome: Rationale for studies in the kidney {#S2}
===============================================================================

Epigenetic marks including DNAme, chromatin histone tail PTMs and non-coding RNAs collectively form the "epigenome". Nucleosomes, the building blocks of chromatin, are made up of chromosomal DNA wrapped around core Histones (H2A, H2B, H3 and H4)^[@R11],\ [@R21]^. The epigenome is the interface between the stable genome and the variable environment and dictates cell-type-specific gene expression despite similarities in genetic DNA sequence^[@R5],\ [@R6],\ [@R12],\ [@R13]^. Perturbations in the epigenome have been implicated in various pathological conditions including cancer and diabetes^[@R6],\ [@R22],\ [@R23]^.

Methylation at the fifth position of cytosine (5mC) in DNA (DNAme) is a well established epigenetic mark^[@R13],\ [@R24]^. It is distributed throughout the genome generally at CpG dinucleotides which can occur in clusters known as CpG islands (CGIs). DNAme patterns are established during development by de novo DNA methyl transferases (DNMT) 3A and DNMT3B, while DNMT1 acts as a maintenance MT in later stages^[@R13]^. Promoter DNAme can repress transcription via interference with transcription factor binding or recruiting repressor complexes consisting of methyl-DNA binding proteins^[@R25]^. However, the regulatory effects of DNAme can vary from gene repression to activation depending on genomic contexts such as promoters, gene bodies, enhancers and repeat sequences^[@R13]^. DNAme is a relatively stable epigenetic modification, and DNA de-methylation was thought to occur mainly by passive mechanisms during development and cell division. But more recently, enzymes of Ten eleven translocation (TET) family (TET1/TET2/TET3) and thymine DNA glycosylases (TDG) have been shown to mediate active DNA de-methylation through oxidation of 5mc to 5-hydroxymethyl cytosine (5hmc) which is involved in diverse biological processes^[@R26],\ [@R27]^. Overall, the role of DNAme in gene regulation appears to be more complex than previously thought.

Covalent PTMs of core histones in chromatin, including histone lysine acetylation (HKAc) and methylation (HKme) are also epigenetic marks that regulate chromatin structure and gene expression^[@R11],\ [@R21]^. H3KAc is generally associated with relaxed chromatin and active gene expression. On the other hand, HKme can serve as active or repressive mark depending on the lysine residue modified and extent of methylation (mono-, di- or tri-). HKAc is catalyzed by histone acetyl transferases (HATs) and HKMe by histone methyltransferases (HMTs). In contrast, histone deacetylases (HDACs) and histone demethylases (HDMs) erase HKAc and HKme respectively. Histone modifications serve as docking sites for co-activators, co-repressors, chromatin remodeling proteins, and proteins that bind to modified histones^[@R11]^. Combinatorial effects of various histone PTMs form a 'Histone code' that dictates transcriptional outcomes by controlling compact (heterochromatin) or relaxed (euchromatin) states of chromatin^[@R28]^. Epigenomic profiling revealed that specific histone PTMs can mark and define distinct regulatory regions of the genome^[@R15],\ [@R21],\ [@R29]^. Histone H3 lysine 4 trimethylation (H3K4me3) is mostly associated with transcription start sites at promoters, and H3K36me3 with transcribed regions/gene bodies. H3/H4KAc and H3K4me2 are generally associated with active promoters, whereas, promoters of repressed genes are enriched with H3K9me3, H3K27me3 and H4K20me3. Enhancers are associated with H3K4me1 and H3K27Ac ([Fig. 1](#F1){ref-type="fig"}).

Non coding (nc) RNAs such as short microRNAs (about 22 nucleotides in length) and long non coding RNAs (lncRNAs, \>200 nucleotides long) are also part of the epigenetic layer and demonstrated to work via epigenetic mechanisms^[@R30]-[@R33]^. The roles of several miRNAs and a few lncRNAs in renal disorders including DN has recently been studied^[@R5],\ [@R34]^ and will not be discussed in this review.

Because epigenetic modifications are reversible, the epigenome is dynamically regulated in response to changing environment. In addition, the epigenome can exhibit a memory of prior exposure to environmental cues and disease conditions, with consequent long-lasting effects even after the initial trigger has been removed. Epigenetic changes can be inherited at cellular and tissue levels, and also transmitted to the offspring.^[@R35]-[@R37]^ Compelling evidence suggests that adverse intrauterine environment and maternal/paternal lifestyles or dietary habits could place offspring at risk for metabolic disorders, including obesity, through epigenetic transmission^[@R35],\ [@R38]-[@R40]^ which, in turn could lead to various renal complications. Interestingly, changes in metabolism can regulate epigenetic modifications due to alteration in metabolites such as Acetyl-coA, S-adenosyl methionine and α-ketoglutarate because they are utilized as co-factors by histone and DNA modifying enzymes^[@R13],\ [@R41],\ [@R42]^. Sedentary life style implicated in metabolic disorders could be associated with epigenetic abnormalities^[@R43]^.

The kidney is a complex multicellular organ that can be differentially affected by diverse stimuli. Although the component cells have basically the same genetic sequence, they have distinct epigenomes and elegant studies have demonstrated epigenetic cues in renal development and nephrogenesis^[@R19],\ [@R44],\ [@R45]^. Further understanding of how the renal cell epigenome is altered by metabolic and other stimuli can yield novel new insights into the pathogenesis of AKI and CKDs that can be translated to new therapies.

Tools to Study Epigenetic Modifications and the Epigenome {#S3}
=========================================================

Epigenetics research has been spurred by the development of highly sensitive techniques and advances in genome sequencing that have aided in detecting epigenetic modifications like histone modifications and DNAme, chromatin structure (open or condensed), as well as long range interaction of enhancers in transcription regulation. Utility of these approaches to detect epigenetic changes at candidate genes has been extended to unbiased genome-wide location analyses by using microarrays and next generation sequencing (NGS)^[@R15],\ [@R16],\ [@R46]-[@R48]^. Whole transcriptome profiling by NGS (for coding and noncoding genes) and epigenome-wide association studies (EWAS), which combine immunoisolation of epigenetic marks and NGS, can yield information on genome-scale dynamic changes ([Table 1](#T1){ref-type="table"}), while sophisticated bioinformatic tools can analyze the emanating terabytes of data^[@R15],\ [@R46],\ [@R49]-[@R51]^. Such approaches have made it possible to predict different regulatory elements in chromatin, identify lncRNAs and alternate splicing based on specific genome locations of epigenetic modifications ^[@R21],\ [@R30],\ [@R46],\ [@R52]^. Notably, epigenomic profiling led to the characterization of enhancers in mammalian cells^[@R15],\ [@R29],\ [@R50],\ [@R51]^, including 'super enhancers'^[@R53]^, enhancer derived RNAs^[@R54]^ and stimulus specific 'latent enhancers'^[@R55]^. Chromatin conformation capture (3C) assays followed by sequencing (4C-seq) demonstrate long range enhancer interactions and regulation of promoters several hundred kilobases away^[@R56]^. EWAS also revealed that SNPs in non-coding regions may regulate chromatin structure and possibly enhancer functions in disease conditions^[@R57]-[@R60]^. Each of the methods used for epigenetic profiling has strengths and weaknesses. Major advantage of NGS based studies such as RNA-seq, ChIP-seq, bisulfite-Seq and others ([Table 1](#T1){ref-type="table"}) is that these unbiased approaches provide genome-wide and quantitative information unlike microarrays. However, nucleotide resolution and differences in costs as well as the complexity of data analyses are also key factors to be considered. In particular, there is a lot of interest in examining DNAme in clinical cohorts and choice of the specific technique among those available for the analysis of DNAme patterns ([Table 1](#T1){ref-type="table"}) would weigh in these specific advantages and disadvantages^[@R16],\ [@R61]^. Genome-wide quantification of sodium bisulfite-conversion based cytosine-DNAme is the most commonly used method which can be performed by either NGS platforms or the Infinium® Human Methylation 450K Bead-chips. 450K is widely used, especially for large scale clinical projects, as an easy and relatively affordable platform with base resolution and coverage of most CpG loci and islands. Bisulfite-Seq provides better resolution and genome-wide coverage compared with affinity based methods such as Methylated DNA immunoprecipitation-seq (MeDIP-seq) or MBD-seq, but is more expensive and involves more complex bioinformatics analysis^[@R62]^. Heterogeneity of cell types in renal tissues also poses a challenge in EWAS studies, since epigenomes and transcriptomes are cell-type specific. With the rapid advent in better technologies and reduced costs, EWAS are increasingly being performed in wide ranging experimental and clinical studies. Advances in epigenomics platforms and data analysis tools as well as publicly available datasets can therefore be exploited to gain new insights into the pathologies of common kidney diseases^[@R16],\ [@R61]^ and uncover targets for novel epigenetic therapies.

Acute Kidney Injury (AKI) -- Contribution of epigenetic mechanisms {#S4}
==================================================================

AKI, a serious kidney disorder due to various causes, presents as rapid decline in renal function along with significant renal pathology. AKI is usually associated with high rates of mortality, and also increased the risk for CKD and ESRD^[@R63],\ [@R64]^. Several cellular and molecular mechanisms have been described for AKI^[@R65]^. AKI can affect renal vascular endothelial cells and tubular epithelial cells, with tubular necrosis apoptosis and tubular obstruction. Inflammation is major consequence of AKI with increased release of proinflammatory cytokines/chemokines, such as TNF-α, IL-6, IL-10, and MCP-1, by tubular and endothelial cells, as well as dendritic cells and infiltrating leukocytes/monocytes^[@R66]^. The kidney can repair/regenerate after AKI via various mechanisms. In recent years, epigenetic mechanisms have been shown to play a role in AKI which suggest potential therapeutical implications.

Chromatin remodeling from compact to open states allows transcription factor binding, and Pol II mediated transcription. This is facilitated by several mechanisms, including Adenosine triphosphate (ATPase)-catalyzed nucleosome remodeling^[@R67]^ mediated by numerous chromatin remodeling complexes , including the SWI/SNF complex which contains a key protein called Brahma-related gene-1 (BRG1). In early studies, nucleosome remodeling was demonstrated in AKI. Several inflammatory genes including *Tnf* and *Ccl2* were transcriptionally upregulated in a renal ischemia reperfusion (I/R) model of AKI, with increased promoter Pol II and BRG1 recruitment along with enrichment of active chromatin histone marks, demonstrating an important role for BRG1 in the induction of these genes in tubular cells in AKI^[@R68]-[@R71]^.

A number of studies have evaluated the role of chromatin histone PTMs, especially HKAc, in the expression of genes involved in AKI^[@R66]^ . In one study, ^[@R70]^ increases in HKAc was associated with transcription of High mobility group (HMG) CoA reductase (*Hmgcr)* which contributes to cholesterol synthesis and cytoprotection during I/R in a model of AKI^[@R70]^. Another report examined the transcriptional repressor, ATF3 which is downregulated during AKI and, based on several lines of data, implicated ATF3 as a protective factor^[@R72]^. The results demonstrated that ATF3-mediated recruitment of HDAC1 at inflammatory gene promoters is protective during renal I/R injury^[@R72]^. Another study showed that I/R transiently reduced H3KAc in renal proximal tubules. But, during the recovery phase H3KAc was restored via HDAC5 downregulation and it was also associated with increased expression of the protective factor BMP7. These results suggest that HDAC5 could be potentially targeted to augment BMP7 in I/R^[@R73]^. In a mouse model of unilateral ureteral obstruction (UUO), H3KAc was decreased in the injured kidney with parallel increase in HDAC1/2 ^[@R74]^. In a mouse model of AKI, there was a steady increase in H3K14Ac levels, but decreases in H4K5Ac and H3K12Ac levels^[@R75]^ further demonstrating that, in AKI there are dynamic changes in HKAc, a labile mark. Interestingly, in another study, the increases in renal HKAc after I/R evident one day after injury persisted even after three weeks^[@R76]^, suggesting that this memory of epigenetic chromatin modifications seen long after the initial AKI may possibly lead to CKD. I/R injury in rodents was also shown to up-regulate histone modifying systems in vivo, along with enrichment of histone modifications at promoters of inflammatory and fibrotic genes like *Ccl2*, *Tgfb1* and collagens^[@R71]^.

The key role of HKAc in AKI and subsequent CKD is further supported by data showing protective effects of certain HKAc modifying drugs^[@R66]^. Such epigenetic modulators could be novel new therapeutic modalities for human AKI. The HDAC inhibitor Vorinostat had protective effects in some experimental models of renal injury^[@R77],\ [@R78]^, while another HDAC inhibitor conferred reno-protection in the UUO model^[@R79]^. The deactylase Sirt1 which targets both histone and non-histone proteins, displayed protective effects in several models by suppressing stress and aging related genes. Sirt1 knockdown augmented renal apoptosis and fibrosis in the UUO model^[@R80]^ while, conversely chemical activators of Sirt1 improved cell survival. Sirt1 activators could protect tubular functions after I/R in relatively older mice^[@R81]^. On the contrary, the deacetylase Sirt2 was found to have a proinflammatory role in the kidney during lipopolysaccharide (LPS) induced acute injury by mechanisms that included NF-κB activation and chemokine induction in proximal tubular epithelial cells. *Sirt2* deficiency in mice was protective against LPS-induced infiltration of neutrophils and macrophages, acute tubular injury, and renal function decline^[@R82]^.

Certain natural products that modulate chromatin factors have also been evaluated. These include curcumin (the active component of turmeric) which is known to target the HAT, p300/CBP^[@R83]^. In animal studies, curcumin treatment had renoprotective effects in cisplatin induced AKI, along with decreased production of inflammatory cytokines such as TNF^[@R83],\ [@R84]^. Thus specific HATs, HDACs, SIRT isoforms and their modulators regulate renal inflammation in AKI by distinct mechanisms.

With regards to HKme, changes in the active mark, H3K4me3 and H3KAc, were observed at inflammatory and other genes in various models of AKI^[@R68]-[@R70]^. The expression of the H3K4 MT- Set1 was also enhanced^[@R71]^. Overall, several active chromatin marks (but not repressive) depict dynamic changes in AKI. Together these studies suggest the importance of chromatin histone PTMs in the pathogenesis of AKI ([Fig. 2](#F2){ref-type="fig"}). This is an active area of research that is expected to soon reveal additional histone PTMs altered in AKI.

A few studies have reported that AKI can cause DNAme (5mC) alterations in AKI ^[@R66]^. The first report showed de-methylation of a cytosine residue within the complement C3 promoter along with upregulation of C3 by renal I/R injury^[@R85]^. More recently, in a mouse model of AKI, global levels of 5hmC (but not 5mC) were decreased^[@R86]^. Interestingly, this was associated with changes in levels of TET1 and TET2 which are involved in 5mC to 5hmC conversion and DNA de-methylation. Thus it appears that DNA de-methylation and dynamic changes in 5hmc are more likely to be involved in AKI. This is quite logical since, DNA-de-methylation is quite dynamic and amenable to alterations during a rapidly developing disorder like AKI to affect the expression of pathological or protective genes.

Epigenetic Modifications and CKD, including Diabetic Nephropathy {#S5}
================================================================

CKD is a major global health problem affecting nearly 20% of adults. It is characterized by proteinuria and reduced glomerular filtration rate, and can lead to ESRD requiring dialysis. Diabetes and obesity are the leading cause of CKD. Features of CKD and DN include glomerular hypertrophy, mesangial expansion, tubulointerstial fibrosis and excess accumulation of extracellular matrix proteins, basement membrane thickening and podocyte loss^[@R87]-[@R89]^. High glucose (HG) is a major pathological mediator that drives DN via multiple biochemical and signaling mechanisms in kidney cells including, tubular epithelial cells, fibroblasts, endothelial cells, mesangial cells and podocytes^[@R87]-[@R89]^. This leads to production of related diabetogenic agents such as AGEs, growth factors such as TGF-β and Angiotensin II, and inflammatory cytokines^[@R87],\ [@R88]^. TGF-β is a major downstream effector of HG induced renal damage and is also induced by the other diabetogenic factors, which further amplifies HG mediated pathological events^[@R87],\ [@R90],\ [@R91]^. Numerous studies have identified various mechanisms, effector transcription factors, such as Smads and NF-κB, and gene regulation mechanisms in the pathogenesis of DN that will not be detailed here. Despite this extensive knowledge, further investigation is needed, because currently used treatments cannot effectively prevent progression of DN in many participants^[@R92]^. Recently, miRNAs have been demonstrated to be important players in DN by regulating the expression of fibrotic, inflammatory and other genes^[@R5],\ [@R34],\ [@R93],\ [@R94]^. Notably, epigenetic mechanisms such as DNAme and histone PTMs may be key missing links worth investigating, since pro-inflammatory and pro-fibrotic genes can be regulated by HG via epigenetic mechanisms in vascular cells, monocytes and mesangial cells^[@R5],\ [@R95]-[@R97]^.

Compelling evidence comes from clinical studies demonstrating the role of 'metabolic memory', described as the long term protective effects of prior good glycemic control on diabetic complications development, or persistence of the deleterious effects of prior hyperglycemic exposure long after glucose normalization. The Diabetes Control and Complications Trial (DCCT) showed that glucose normalization with intensive insulin treatment reduced microvascular complications including DN relative to conventional therapy. In the follow up Epidemiology of Diabetes Intervention and Complications (EDIC) study, all DCCT participants were placed on intensive therapy, which led to similar HbA1c levels in both treatment groups^[@R98]^. However, participants who were on conventional therapy in DCCT still continue to develop vascular complications, including DN, at higher rates during EDIC relative to the original intensive treatment group, implicating 'metabolic memory'^[@R98],\ [@R99]^. Beneficial effects of early glycemic control termed 'legacy effect' have also been observed in clinical trials with Type 2 diabetes participants^[@R100]^. In addition, metabolic memory of vascular inflammation, fibrosis and related pathological gene expression has been demonstrated in several experimental models of diabetic complications using cell culture and animal models, though CKD was not evaluated^[@R6],\ [@R101]-[@R107]^. These studies revealed persistent changes in epigenetic modifications and related histone modifying enzymes at pathological gene promoters along with corresponding gene expression even after removal from diabetic conditions, thus supporting a role for epigenetics in metabolic memory. This notion is further supported by the recent epigenomics study in human diabetic complications and metabolic memory that examined variations in key histone PTMs in white blood cells from two groups of patients the DCCT/EDIC cohort, namely a control group (from the former intensive treated) and a case group (former conventional treated), with the cases experiencing greater complications (including DN) than controls. The results showed significant enrichment of promoter H3K9Ac in monocytes of cases versus controls at a set of genes with functions related to inflammation and diabetic complications. Monocyte H3KAc also showed strong association with mean HbA1c over DCCT and EDIC time periods^[@R108]^.

CKD and DN are common diseases affected by genetic and environment factors. Therefore, more in-depth studies of epigenetic mechanisms related to CKD, DN and metabolic memory that can take advantage of advances in epigenomics tools and publicly available databases can yield novel new information that could be translated to better treatment options.

DNAme in CKD and DN {#S6}
-------------------

Increasing evidence is implicating DNAme variations in CKDs including DN^[@R6]^. Changes in DNAme were observed at diabetes susceptibility genes including *UNC13B* in whole blood from diabetes subjects with versus without DN ^[@R109]^. Saliva from patients with ESRD participants also showed changes in DNAme versus those with CKD alone^[@R110]^. Because the epigenome is cell-type specific, the heterogeneity of blood cells and renal tissues poses a challenge while analyzing epigenetic data from such material. Refined laser capture microdissection techniques can aid in procuring enriched glomeruli and tubuli. from limited amount of renal biopsies to gain valuable insights into the epigenome in CKD versus normal states. In one such study, DNAme profiling of tubuli from subjects with CKD demonstrated significant changes in DNAme versus normal controls, with predominant variations occurring at enhancers that were also correlated with the increased expression of key fibrotic genes^[@R111]^. These results provide the first evidence of association between DNAme variations and fibrosis in human CKD using relevant kidney samples and represent an important step in CKD epigenome research. Another study using genomic DNA from participants in the Chronic Renal Insufficiency (CRIC) cohort found correlations between the rate of loss of renal function and changes in DNAme at genes involved in epithelial to mesenchymal transition, inflammation and fibrosis^[@R112]^. In a recent study that analyzed methylome-wide loci in participants with CKD found significant changes at CGIs of 23 genes including ELMO1 and PRKAG2^[@R113]^, further supporting the role of DNAme in CKD.

Involvement of DNAme in kidney disease is also supported by experimental studies. Profibrotic TGF-β inhibited the expression of *Rasal1*, a negative regulator of Ras signaling, by promoting DNAme at its promoter via Dnmt1, leading to Ras activation and increased fibrosis in fibroblasts^[@R114]^. This was reversed by BMP-7, which upregulated *Rasal1* by inducing Tet3-mediated promoter DNA de-methylation ^[@R115]^. Furthermore, HG-induced DNA hypomethylation and concomitant increases in H3K9Ac were involved in the upregulation of p66Shc which promotes mitochondrial oxidant stress in DN^[@R116]^. Communication between renal cells like tubular cells and podocytes plays important roles in kidney function and a recent extensive study showed the involvement of epigenetic mechanisms^[@R117]^. Using proximal tubule specific *Sirt1* deficient and transgenic mice, it was shown that tubular Sirt1 attenuates albuminuria by epigenetic mechanisms including DNAme to suppress podocyte expression of Claudin-1, a tight junction protein. Sirt1 was downregulated in diabetes and this could promote albuminuria and DN^[@R117]^. Clinical samples and experimental animal models of nephropathy depicted downregulation of the transcription factor KLF4 in podocytes, which was associated with increased DNAme at the nephrin (*Nphs1*) promoter and downregulation of nephrin, thus leading to podocyte apoptosis and proteinuria. KLF4 overexpresion had renoprotective effects, whereas, in contrast its knockout enhanced proteinuria further supporting a role for KLF4 in podocyte survival^[@R118]^. Recently, aberrant DNAme was reported at several gene promoters including hypomethylation of Angiotensinogen gene (*Agt*) in renal proximal tubules from diabetic db/db mice. Treatment of cultured proximal tubular cells with inhibitors of DNMT and HDAC increased *Agt* expression, supporting an epigenetic switch in the expression of key genes involved in DN. Some of these changes in db/db mice were resistant to pioglitazone treatment, suggesting that anti-diabetic therapy alone is not effective in reversing epigenetic changes^[@R119]^.Together, these emerging findings clearly demonstrate that DNAme variations are evident in CKD ([Fig. 3](#F3){ref-type="fig"}). Further studies are likely to shed light on when and how DNAme is altered during the course of CKD, whether reversal of DNAme variations seen in the early stages of the disease can ameliorate renal dysfunction and/or prevent further progression to ESRD. Examination of DNAme changes at key regulatory regions including enhancers, and near SNPs reported to be associated with renal function decline, can illuminate functional relationships since such changes can affect the expression of genes directly related to CKD.

Histone PTMs and CKD {#S7}
====================

Several lines of evidence also support the role of histone PTM variations in CKD. Key events related to CKD such as dyregulated expression of fibrotic, cell cycle and inflammatory genes have recently been associated with changes in histone PTMs, particularly, in cell culture models treated with HG and TGF-β. These studies showed TGF-β induced enrichment of active epigenetic marks H3K9/14Ac, H3K4me1 and H3K4me3, and decreased levels of repressive marks like H3K9me3 at pro-fibrotic gene promoters. Furthermore, TGF-β upregulated the H3K4-methyltransferase SET7, which enhanced H3K4me1 at TGF-β induced genes, and SET7 knockdown inhibited TGF-β-induced fibrotic gene expression, implicating SET7 as a key player in DN^[@R97]^. Interestingly, HG also triggered similar epigenetic events, which were inhibited by a TGF-β neutralizing antibody, implicating TGF-β in HG-induced effects^[@R97]^. Furthermore, TGF-β also promoted p300 recruitment, with concomitant increase in H3K9/14Ac and chromatin relaxation at fibrotic gene promoters and Smad2/3 acetylation/activation, leading to increased fibrosis^[@R120]^. Thus, TGF-β uses both epigenetic histone PTMs and non-epigenetic mechanisms to regulate the expression of genes relevant to DN pathogenesis.

Endoplasmic reticulum (ER) stress plays a key role in DN by regulating inflammatory and apoptotic pathways^[@R121],\ [@R122]^ and one report examined the role of epigenetic mechanisms. ER-stress related genes including *Xbp1* were up-regulated in the kidneys from diabetic db/db mice. ER-stress increased SET7 levels through XBP-1, which led to increased H3K4me1 at the *Ccl2* promoter and its upregulation. These events were blocked by treatment of db/db mice with the ER-stress inhibitor betaine. Furthermore, SET7 siRNAs also blocked *Ccl2* expression^[@R123]^. In another study, myocardin-related transcription factor A (MRTF-A) was induced by HG in tubular epithelial cells, which in turn promoted recruitment of HAT p300 and WD repeat-containing protein 5 (WDR5), a key component of the active H3K4 methyltransferase complex, at the Collagen 1 promoter and increased H3K18/K27Ac as well as H3K4me3, to up-regulate its expression. In Mrtf-A knockout mice, fibrotic gene expression and DN development were attenuated, further implicating Mrtf-A in fibrosis^[@R124]^. Promoter HKAc mediated chromatin relaxation were also demonstrated in TGF-β induced sustained up-regulation of miR-192, a key pro-fibrotic miRNA in MC. This study demonstrated a novel interplay between Smads and Ets-1 transcription factors, HATs and HKAc as well as Akt kinase activation in miR-192 expression^[@R125]^.The mediatory role of H3KAc was also demonstrated in HG induced downregulation of miR-29 via HDAC4 induced de-acetylation of miR-29 promoter in podocytes, leading to up-regulation of miR-29 targets including HDAC4 and fibrotic genes^[@R126]^. Thus, there is substantial evidence to demonstrate the pivotal role of both histone and non-histone lysine-Ac in regulating genes associated with DN pathogenesis ([Fig. 4](#F4){ref-type="fig"}**).** Results from diabetic mice models also revealed similar changes in H3K9Ac at fibrotic and inflammatory gene promoters^[@R120],\ [@R125],\ [@R127]-[@R129]^. One study found increased expression of HDAC-2, -4 and -5 in kidneys of type 1 diabetic rats and biopsies from diabetic patients. In vitro experiments showed HDAC4 was upregulated by HG, TGF-β and AGEs, and that HDAC4-STAT1 signaling promotes podocyte injury. Furthermore, HDAC4 knockdown using intrarenal delivery of lentivruses ameliorated renal injury in diabetic rats^[@R128]^.

The in vivo role of HKme in DN has been reported in a few studies. Kidneys from diabetic rats and mice showed increased H3K4me2 and RNA Polymerase II, but decreased H3K27me3 levels, at fibrotic genes. However, the corresponding histone modifying enzymes showed different expression patterns in rats versus mice kidneys^[@R130]^, suggesting species-specific differences (possibly related to severity of DN). Another in vivo study examined multiple histone PTMs in glomeruli from diabetic db/db mice and control db/+ mice^[@R129]^ to obtain a comprehensive picture of histone code alterations and cross talk amongst histone PTMs during DN. Results showed alteration in some of the histone PTMs examined, including H3K9/14Ac, at genes encoding PAI-1 and RAGE in db/db mice relative to db/+, which could facilitate open chromatin states as indicated by enhanced enrichment of RNA polymerase II, and increased gene expression. Several HATs including Tip60, and H3K4-MTs including SET7 were also upregulated in db/db mice^[@R129]^.

Notably, the protective effects of HDAC inhibitors have been demonstrated in animal models of DN^[@R78],\ [@R131]-[@R134]^, further supporting the role of HKAc and epigenetic mechanisms in renal dysfunction. However, non-histone acetylation mediated by HATs cannot be ignored. This was highlighted in a recent study demonstrating a critical role for STAT3 acetylation in DN. It was found that diabetes increases NF-κB and STAT3 acetylation via downregulation of Sirt1 in podocytes to promote pathologic gene expression and this effect can be mimicked by *Sirt1* deletion in db/db mice^[@R135]^. Thus, a complex network of epigenetic factors and transcription factors regulate pathologic gene expression in CKD. Cell necrosis and apoptosis in later stages of CKD might significantly affect epigenetic profiles. Further understanding of these mechanisms and determination of time course of changes during CKD are needed which will be of utmost importance when designing epigenetic therapies.

Chronic hypoxia in renal tubular interstitial compartments can lead to increased fibrosis in CKD, and other kidney disorders^[@R136]-[@R140]^. Gene expression under hypoxic conditions is controlled by a master regulatory transcription factor, hypoxia-inducible factor-1 (HIF1) which binds to the promoter of target genes to induce their expression^[@R141]^. Under normoxic conditions, HIF-1 degradation is promoted by prolyl hydroxylase, but under hypoxic conditions, prolyl hydroxylase activity is lost leading to stabilization of HIF-1^[@R141]^. Interestingly several epigenetic changes were reported to be associated with hypoxia^[@R142],\ [@R143]^. Moreover, HIF-1 was shown to induce the expression of several epigenetic regulators such as histone demethylases in mammalian cells^[@R144],\ [@R145]^. HIF-1 can assist in promoting dynamic changes in chromatin conformation^[@R146]^. The epigenetic modifying properties of HIF-1 could be exploited for better approaches to curb chronic hypoxia induced tubulointerstitial fibrosis in various kidney disorders^[@R140]^.

Epigenetic Mechanisms in Hypertension {#S8}
=====================================

Hypertension is a major risk factor for cardiovascular disease and ESRD^[@R147]^. Disorders of Na+-transport, re-absorption and excretion in the renal collecting duct contribute to abnormal blood pressure in humans. This process is mostly regulated by the mineralocorticoid aldosterone via upregulation of the tubular epithelial sodium channel (ENaC). ENaC is composed of three sub units (α, β and γ), of which ENACα (*ENaCa*) regulates ion-transport. Recent studies have demonstrated epigenetic control mechanisms for basal and aldosterone induced *ENaCa* transcription^[@R148]^. Under basal conditions, the H3K79-methyltransferase Disrupter of Telomere Silencing (Dot)1a and corresponding H3K79me were enriched at the *ENaCa* promoter keeping it constrained but poised for activation by aldosterone and other stimuli. This repression was mediated by Dot1a complex formation with Sirt1 and other key proteins at the *ENaCa* promoter. A series of studies suggested that EnaCa repression can be relieved by multiple mechanisms,^[@R149]-[@R154]^ in all of which, levels of H3K79me were reduced at the *ENaCa* promoter supporting a critical role for Dot1a activity. However, several questions remain unanswered such as how H3K79me, which is normally associated with transcription activation, mediates repression. Furthermore, deacetylase activity of Sirt1 was not required for this repression suggesting interaction of the Dot1a -Sirt1 complex with additional repressors is critical. Angiotensin 1converting enzyme (ACE1) also plays important role in hypertension by activating the renin-angiotensin system. Hypertension induced by high salt diet is associated with upregulation of ACE1 (*Ace*) via increases in activation marks (H3KAc and H3K4me) and decreases in repressive mark (H3K9me2) at the *Ace* promoter^[@R155]^. Epigenetic mechanisms have also been implicated in *Ace* upregulation in hypertensive offspring of mothers exposed to low protein diet^[@R156]^. Study of epigenetics in hypertension and its potential heritability is clearly warranted and more investigations are anticipated^[@R157]^.

Perspectives {#S9}
============

Increasing evidence suggests a critical role for epigenetic modifications in AKI and CKD. Importantly, the reversibility of epigenetic marks yields a window of opportunity for the development of novel epigenetic drugs. Several studies have explored the potential beneficial effects of HDAC inhibitors in animal models of AKI and CKD^[@R78],\ [@R127],\ [@R131]-[@R133],\ [@R158]-[@R160]^. However, since the specificity and the mechanism of action of these inhibitors are not fully clear, more work is needed before they can be evaluated in humans. Regulators of other epigenetic modifications including histone KMe and DNAme are also worth investigating, suggesting the need for novel screening approaches to discover additional epigenetic modulators specific to renal diseases. Recently, a zebra fish model was used to screen novel HDAC inhibitors that could accelerate recovery in AKI models of mice^[@R161]^. Several epigenetic drugs targeting histone modifying enzymes that are currently being used in cancer treatment^[@R13],\ [@R162],\ [@R163]^ could be tested for CKDs. Currently available drugs such as Losartan cannot prevent progression to CKD in many patients^[@R164]^. Experimental evidence shows that these drugs could not completely inhibit diabetes induced epigenetic mechanisms in the kidney^[@R129]^, suggesting that a combination of epigenetic drugs with conventional therapies might be more effective for certain kidney diseases. This was tested in a mouse model of HIV-induced nephropathy. Results showed that a combination of benazepril (ACE inhibitor) and vorinostat (HDAC inhibitor) significantly reduced nephropathy compared with each drug alone.^[@R165]^ Epigenetic therapy is clearly an exciting emerging field that is expected to gain momentum in the upcoming years as more epigenomic data emanates from ongoing basic and clinical studies with renal disease models. Several roadblocks and challenges should also be overcome, including low specificity/selectivity and unwanted side effects.
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![Schematic of epigenetic modifications associated with chromatin function\
Active promoters are enriched with permissive histone modifications (H3KAc and H3K4me), while transcribed gene bodies are enriched with H3K36me3. In contrast, inactive promoters are associated with repressive epigenetic modifications including DNA methylation (DNAme) and histone modifications (H3K9me3 and H3K27me3) and reduced H3KAc due to actions of histone deacetylases (HDACs). In addition, inactive promoters could be enriched with specific histone demethylases (HDM) that erase permissive marks, while active promoters could be enriched with specific with HDMs that erase repressive marks. Enhancers are enriched with H3K4me1 and H3K4me2, and active enhancers are marked with H3K27Ac and histone acetyl transferases (HATs) such as P300. Enhancers can regulate the transcription of genes located several kilobases away by promoting chromatin conformation changes (bending) to promote long range interactions between enhancer bound transcription factors (TF) and co-activators with target gene promoters. Post translational modifications of other core histones, including histone H4, such as H4KAc and H4K20me3, as well as on other amino acids like arginine, are also important for chromatin function (not shown). HMT-histone methyl transferase; DNMT-DNA methyl transferase; IC-Transcription initiation complexes; Pol II-RNA Polymerase II.](nihms-682326-f0001){#F1}

![Histone modifications in AKI\
Epigenetic mechanisms have been implicated in the expression of inflammatory and fibrotic genes during AKI. AKI activates transcription factors such as NF-κB and increases permissive histone modifications (H3KAc and H3K4me) via increased recruitment of histone acetyl transferases (HATs) and relevant histone methyl transferases (HMTs), which promote chromatin remodeling by Brg1 and increased transcription by RNA Polymerase II. AKI has also been shown to promote DNA-demethylation to de-repress certain genes (not shown). Reversal of these epigenetic events (for example by SIRT1 activators) could inhibit pathological gene expression associated with AKI. TF-transcription factor; HAT-histone acetyl transferase; HMT-histone methyl transferase. Pol II-RNA Polymerase II.](nihms-682326-f0002){#F2}

![Role of DNA Methylation in CKD\
DNAme can regulate genes associated with CKD in various renal cells. In fibroblasts, the pro-fibrotic TGF-β can promote fibrosis by inhibiting RASAL1 expression through promoter hypermethylation leading to activation of Ras signaling and fibrosis. In the normal kidney KLF4 regulates DNAme to increase nephrin expression in podocytes. But inhibition of KLF4 expression in disease conditions increases DNAme and inhibits nephrin expression leading to podocyte apoptosis. In contrast, metabolites generated by SIRT1 in normal tubular epithelial cells repress Claudin-1 expression in glomerular podocytes via promoter hypermethylation.SIRT1 downregulation under diabetic conditions relieves this repression leading to Claudin-1 expression and glomerular dysfunction. Furthermore, EWAS studies using tubular biopsies of patients with CKD showed changes in DNAme at enhancers that potentially regulate fibrotic genes. TF-transcription factor; HAT-histone acety transferase; HMT-histone methyl transferase. Pol II-RNA Polymerase II. DNMT, DNA methyl transferases.](nihms-682326-f0003){#F3}

![Fibrotic and inflammatory gene regulation by histone modifications in CKD\
In diabetic nephropathy and other CKDs signal transduction events triggered by pathological factors such as high glucose (HG) and downstream effectors including TGF-β induce the expression and activation of key transcription factors such as SMAD, NF-κB, XBP1 and MRTFA as well as histone modifying enzymes such as SET7 in glomerular and tubular cells. These signaling events also lead to recruitment of HMTs (such as SET7), HATs (such as P300) and chromatin proteins such as (WDR5) at pro-fibrotic and pro-inflammatory gene promoters leading to increases in permissive histone modifications (H3KAc and H3K4me) and chromatin relaxation. This enhances chromatin access to transcription factors and RNA Polymerase II (Pol II), which increases expression of pro-fibrotic and pro-inflammatory genes implicated in renal dysfunction. . Renal hypoxia also promotes tubular fibrosis in CKD. Hypoxia-inducible factor -1 (HIF-1) co-operates with histone modifying enzymes (JMJD) to regulate target genes. Persistence of such changes in epigenetic modifications ([Fig 2](#F2){ref-type="fig"}-[4](#F4){ref-type="fig"}) could be the underlying mechanisms involved in transcription memory (in AKI) or 'metabolic memory' (in diabetic nephropathy) associated with sustained increased risk for CKD and ESRD; JMJD-JMJD1A and JMJD2B. Pol II-RNA polymerase II.](nihms-682326-f0004){#F4}

###### Techniques used in Epigenome Profiling studies

RNA-seq, RNA expression (transcriptome) analysis by sequencing^[@R166]^; GRO-seq, global nuclear run-on coupled with massively parallel sequencing^[@R167]^; smRNA-seq, isolation of small RNA fraction followed by sequencing for miRNAs^[@R168]^; DNase-seq, DNase I digestion followed by sequencing for chromatin accessibility^[@R50]^; MNase-seq, micrococcal nuclease digestion followed by sequencing^[@R169]^; FAIRE-seq, formaldehyde-assisted isolation of regulatory elements followed by sequencing for evaluating chromatin accessibility^[@R170]^; ATAC-seq, assay for transposase-accessible chromatin using sequencing^[@R171]^; MeDIP-seq, Methylated DNA immunoprecipitation followed by sequencing for DNA methylation (DNAme profiling)^[@R172]^; MBD-seq, methyl CpG binding domain (MBD) precipitation of genomic DNA followed by sequencing for DNAme^[@R173]^; Pyrosequencing, used to quantify DNA methylation at specific CpG sites^[@R174]^; Infinium® Human Methylation 450K BeadChip, microarray based methods widely used to detect changes in DNAme at over 485,000 loci covering 99% of Refseq genes and 96% of CpG sites^[@R175]^; ChIP-seq, chromatin immunoprecipitation followed by sequencing for detecting enrichment of chromatin binding factors genome-wide^[@R46]^; NOMe-seq, nucleosome occupancy and methylation sequencing^[@R176]^; X-ChIP--seq, crosslinking ChIP followed by sequencing^[@R177]^, 4C, chromatin confirmation capture (3C) followed by sequencing to study genome-wide interaction profile for a single locus^[@R178]^; Hi-C, 3C followed by enrichment of ligated products with biotin labeling and sequencing^[@R179]^.

  ----------------------------------------------------------------------------
  Chromatin Features                            Techniques used   References
  --------------------------------------------- ----------------- ------------
  Transcriptome                                 RNA-seq           [@R166]

  Gro-seq                                       [@R167]           

  smRNA-seq                                     [@R168]           

  Chromatin Structure, Chromatin Accessibilty   DNAse-seq         [@R50]

  Mnase-seq                                     [@R169]           

  FAIRE-seq                                     [@R170]           

  ATAC-seq                                      [@R171]           

  DNA methylation                               Bisulfite-seq     [@R62]

  MeDIP-seq                                     [@R172]           

  MBD-seq                                       [@R173]           

  Pyrosequencing                                [@R174]           

  450 k bead chip                               [@R175]           

  Histone Modifications,\                       ChIP-seq          [@R46]
  Nucleosome Positioning                                          

  NOME-seq                                      [@R176]           

  X-ChIP-Seq                                    [@R177]           

  Chromatin interacting Factors                 ChIP-seq          [@R46]

  Long rage interactions of Enhancers           4C-seq            [@R178]

                                                Hi-C              [@R179]
  ----------------------------------------------------------------------------
